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Bacillus Licheniformis CotA Laccase Mutant:
ElectrocatalyticReduction of O2 from 0.6 V (SHE) at pH
8and in Seawater
Paula Lopes,[a, d] Katja Koschorreck,[b] Jannik Nedergaard Pedersen,[a] Alexey Ferapontov,[c]
Samuel Lörcher,[a, e] Jan Skov Pedersen,[a, c] Vlada B. Urlacher,[b] and Elena E. Ferapontova*[a]
Enzymes operating in environmental media are of immense
biotechnological interest, in particular, for sustainable energy
production. Here, we show that the K316 N/D500G mutant of
CotA laccase from Bacillus licheniformis operates in basic media
and seawater, electrocatalyzing O2 reduction from 0.59 V, pH 8.
CotA mutant’s T1Cu center exhibits a formal potential of 0.56 V,
consistent with an onset of bioelectrocatalytic reduction of O2.
A photoelectrochemical cell recycling H2O/O2 by a semiconduc-
tor photoanode and CotA mutant biocathode produced 41 and
11 μWcm2, in buffer and seawater, respectively, at pH 8,
(electricity production being limited solely by the photoanode
performance, reaching 240 and 220 μWcm  2 in a Zn-biobattery
design), suggesting a prospective enzyme application for clean
and sustainable production of electricity from seawater and
oxygen.
1. Introduction
The global energy crisis and climate changes trigger the quest
for sustainable alternatives to the existing energy technologies
that can efficiently and at low cost contribute to the future of
Earth’s energetics.[1] As such, enzyme-based biofuel cells (BFC)
directly converting the energy of biochemical reactions into
electricity do offer practical advantages of clean and sustainable
production of electricity from environmental resources and
under ambient conditions.[2] Nowadays, with 6–12 months’
operation[3] and several mWcm  2 surface power densities
extracted,[4] BFC performance starts to approach those of
batteries and silicon solar cells.[5] To further address sustain-
ability issues, a solar light-assisted production of electricity in
seawater-operating hybrid photo-biovoltaic devices has been
suggested as a prospective technology alternative to natural
photosynthesis.[6]
In natural photosynthesis-mimicking devices, a photo-
induced bioelectrocatalytic oxidation of water is coupled to
bioelectrocatalytic reduction of O2,
[7] with no need for externally
fed fuel but only sunlight and water. Insufficient stability,
limited power production efficiency, and often high cost restrict
a broader application of such systems. Semiconductor
photoanodes,[8] whose efficiency of solar light transformation
can reach 30%[9] (24% and 10–14% reported for crystalline
silicon and dye-sensitized solar cells),[10] can replace natural-
photosynthetic components, and by coupling photoelectrocata-
lytic oxidation of water to O2 and H
+ with bioelectrocatalytic
reduction of O2 to water (Figure 1) electricity can be produced
by direct seawater recycling.[6b][a] Dr. P. Lopes, Dr. J. Nedergaard Pedersen, Dr. S. Lörcher,
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Figure 1. Schematic diagram of a photo-biovoltaic cell with a semiconductor
photoanode and a CotA mutant biocathode; the homology model of the
K316 N/D500G mutant of CotA laccase from Bacillus licheniformis was
constructed using a structure of B. subtilis CotA laccase with 63% sequence
identity as a template (pdb ID:1GSK).[11] The amino acid at position 500 in a
loop region close to the T1 Cu site is occupied by Asp in wildtype CotA from
B. licheniformis and Gly in its mutant; position 316 on the protein surface, at
the end of a β-strand, is Lys316 in the wildtype and Asn in the mutant.
Trinuclear T2/T3 and mononuclear T1 Cu centers are denoted with blue
spheres.
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Multi-copper laccases (EC 1.10.3.2) are most intensively used
as O2 biocathodes operating both in direct
[12] and mediated[13]
electron transfer (ET) modes.[2a,14] Laccases couple the oxidations
of a variety of organic substrates at their T1 Cu site to the 4e-
reduction of O2 to water at a trinuclear T2/T3 Cu cluster
center.[15] In the direct ET enzyme-electrode design, the
electrode replaces the organic substrate by donating electrons
to laccase (Figure 1). Hitherto, due to high T1 Cu potentials,
fungal laccases were most intensively used in BFC, despite their
acidic pH optimum and inhibition by Cl  ions.[2b,16] The latter
represents the main obstacle for their applications in body
fluids or in marine-bioenergetics, requiring enzyme functioning
in basic (pH 7.4-8), Cl  -rich media (up to 0.6 M [Cl  ][6b]). Current
efforts are focused on protein engineering to increase fungal
enzyme stability at neutral pH values.[17] Till now, few eukaryotic
enzymes, such as bilirubin oxidase (BOD)[18] and plant laccases[19]
were shown to survive basic media and high Cl  content. Of
those, only BOD was compatible with photoanodes for water
splitting in basic media and enabled photo-electrochemical
recycling of the H2O/O2 redox couple with 236 and 21 μWcm
2
power densities produced by the TiO2-BOD cell under 1.5 AM
sunlight illumination, in basic media and seawater,
respectively.[6b]
Any new enzyme capable of electrocatalytic reduction of O2
in basic media is of evident interest for such photo-biovoltaic
applications, and proper candidates with unique electrocatalytic
properties can be found in the bacterial kingdom.[20] Laccase
from Streptomyces coelicolor (SLAC) was shown to operate in
seawater,[20c] however, its structural fragility and low T1 Cu
potential[20c] limit its use in photo-biovoltaic cells (PBC).
In this work, we explored alkaline CotA laccase from Bacillus
licheniformis and its mutant K316 N/D500G.[21] Wildtype CotA
laccase from B. licheniformis is composed of 513 amino acid
residues (65 kDa) and contains 4 His-rich Cu-binding domains
characteristic for laccases[21a] (Figure 1). We showed that B.
licheniformis CotA laccase belongs to the group of medium-
potential laccases and its bioelectrocatalytic O2 reduction in
alkaline media proceeds at potentials as high as 0.6 V and thus
can be used to generate electricity from seawater and sunlight.
2. Results and Discussion
2.1. Enzymatic Activity in Different Media
Wildtype CotA and its K316 N/D500G mutant were heterolo-
gously expressed in Escherichia coli at high levels (SI). The pH
optimum of ABTS oxidation by CotA is 4.2; for 2,6-dimethox-
yphenol and syringaldazine it is at pH 7,[21a] and for catechol it is
shifted to basic pH values (Figure 2A). The K316 N/D500G
mutant, with D500G adjacent to the axial ligand of the
substrate-oxidizing T1 copper ion[21b] (Figure 1), showed a
higher catalytic activity in most cases (Figure 2A). A remarkable
absence of Cl  inhibition and even activation of wildtype CotA
and its mutant was observed in reaction with ferrocyanide
(Figure 2B), consistent with reports on B. halodurans and B.
clausii laccases.[22] Though complex effects of pH and Cl  cannot
be excluded,[22b] such activation may be also connected with
the Hoffmeister effect,[23] consistent with enzyme activation that
was followed in phosphate buffer solutions (PBS) of a higher
ionic strength. Activity of both forms in such complex medium
as seawater (see Experimental part for ionic composition)
increased compared to 0.6 M NaCl solutions, which might be
ascribed to the presence of small-molecular activators or even
potent substrate species.
2.2. Bioelectrocatalysis of O2 Reduction
Directly (with no mediators) wired to graphite electrodes,
wildtype CotA did not exhibit any significant bioelectrocatalytic
activity towards O2 reduction (Figure 3A, curve 5), either due to
laccase orientation improper for the direct ET or its low surface
concentration. In contrast, the mutant could catalyze O2
reduction starting from 0.73 V, at pH 5, with a current density
approaching 25 μAcm  2 at 0.2 V (Figures 3A, S1). [NB: on
Figure 2. A) pH dependence of the catalytic activity of CotA wildtype (1–3)
and K316 N/D500G mutant (1’–3’) towards ABTS (1 and 1’), ferrocyanide (2
and 2’), catechol (3 and 3'). B) Activity of wildtype CotA and K316 N/D500G
mutant towards ferrocyanide in 50 mM PBS, containing 0, 0.15 and 0.6 M
NaCl, and in seawater, all at pH 8.
Figure 3. A) Representative cyclic voltammograms (CVs) of bioelectrocata-
lytic reduction of O2 recorded with the CotA-modified graphite electrodes in
50 mM PBS for K316 N/D500G mutant (1–4) and wildtype CotA (5); pH 5 (1);
6 (2); 7 (3, 5) and 8 (4); potential scan rate 5 mVs  1. B) Non-turnover CV
recorded with the CotA mutant-modified electrode in de-aerated 50 mM
PBS, pH 8; scan rate 0.3 Vs  1. Inset: background corrected CV peaks; the
linear background is shown in the main figure. CV “bumps” at potentials
below 0.2 V are due to incomplete transformation of surface quinones (a
redox process at 0–0.1 V not overlapping with the CotA potentials).
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unmodified graphite the reaction started at 0.1 V (Figure S2)].
Thus, combination of the K316 N and D500G mutations induced
protein structural changes that allowed mutant immobilization
on the electrode in an orientation favorable both for electronic
coupling between the electrode and CotA and bioelectrocata-
lytic reduction of O2. With increasing pH, the efficiency of
bioelectrocatalysis dropped, consistent with the homogeneous
activity pattern shown in reactions with solely electron
donating substrates (Figure 2A). Nevertheless, it remained
comparable to that exhibited by fungal laccases adsorbed on
similar electrode materials in air-saturated acidic media.[12d,24]
In de-aerated solutions, the CotA laccase mutant showed
two pairs of redox peaks in CVs. A couple at more positive
potentials stemmed from direct electrochemical reduction/
oxidation of its T1 Cu (Figure 3B), consistent with the results of
a spectroelectrochemical titration, giving 542�4 mV and 561�
7 mV, pH 7.5, for wildtype and mutant, respectively (Figure S3),
and fitted well the 0.47–0.71 V range of middle-potential
laccases[25] (Table 1). In B. subtilis CotA laccase, Asp501 residue,
which is homologous to the Asp500 in wildtype CotA from B.
licheniformis, is close to the T1 active site, being adjacent to
Met502, which is the axial ligand to T1 Cu. The replacement of
Met502 for non-coordinating Leu or Phe in CotA from B. subtilis
resulted in a 0.1 V increased T1 potential and a drop of both
catalytic activity and stability of laccase.[26] Thus, the D500G
mutation in CotA from B. licheniformis might indeed affect the
Cu active centers’ potentials, e.g. via protein folding-induced
effects on the T1 Cu oxidized state,[26] producing the observed
19 mV shift in the T1 Cu potential in the mutant. Determined
from the CV peak areas, the surface amount of electrically
connected T1 Cu sites was 4.4 pmolcm  2, while the heteroge-
neous rate constant for ET between the T1 Cu and the
electrode, evaluated by Laviron’s formalism,[27] ranged between
moderate 7.1 and 8.6 s  1, at pH 7 and pH 8, respectively.
In acidic solutions the T1 Cu peaks disappeared from CVs
and were detectable only by differential pulse voltammetry
(DPV) (Figure S4, Table 1), solution acidification apparently
affects laccase attachment to the electrode through the T1 Cu
domain. Similar surface-charge induced effects of pH on protein
adsorption/orientations were discussed for bilirubin oxidases.[28]
The formal potentials of the T1 Cu were pH dependent,
consistent with other laccases’ data (Table 1).
The redox couple at less positive potentials (at 324 mV,
Figure 3B) could be ascribed to the T2/T3 Cu site, though these
potentials are lower than 400–780 mV EPR-detected for a
number of fungal and plant laccases.[31a,34] Both free copper on
protein-modified electrodes and laccase’s presumable T2/T3 Cu
signal showed very similar potentials, and the 324 mV redox
couple might be also associated with copper being lost from
the enzyme,[35] the phenomenon often accompanying protein
partial denaturation at the electrode surface. However, the
redox reaction of free Cu2+ /1+ is generally less reversible than
observed in Figure 3B, which is rather typical of the electro-
chemically transformed T2/T3 Cu site.
In chasing a response from wildtype CotA, electrodes were
modified with multiwall carbon nanotubes (CNT), whose side-
wall aromatic plane structure and oxygen-containing edges
may be considered as a phenolic substrate mimic. On CNT-
modified electrodes, wildtype CotA showed a distinct wave of
O2 reduction, and the signal from the mutant increased
(Figure 4A, S5-S7). The appearance of the signal from the
wildtype enzyme was ascribed to surface orientation of CotA on
CNT through the T1 Cu domain usually considered as an
entrance port for the e  flow from the electrode (or an organic
substrate).[36] Similar orientation effects were shown for
anthracene-,[12a,37] anthraquinone-,[38] adamantane-[39] and pyr-
ene-electrode modifications,[20c,40] mimicking laccase’s substrate
structures and by this docking laccases on the electrode in
orientation proper for bioelectrocatalysis. Bioelectrocatalytic O2
reduction by wildtype CotA started at potentials ca. 0.1 V higher
compared to the mutant, while the efficiency of its bioelec-
trocatalysis was lower (Figure 4A). Both features were con-
nected with essential structural and ET differences between
immobilized enzymes. (NB: The onset of direct bioelectrocatalysis
depends on the rate of ET between the electrode and the active
center, and better/faster electronic communication of the wildtype
enzyme would result in the bioelectrocatalysis onset at higher
potentials compared to the mutant, whose T1 Cu electrode
reaction is slower. Both the lower onset of bioelectrocatalysis and
Table 1. Formal potential of selected laccases (mV vs. NHE)
Laccase source ET1Cu,
pH 5.5
ET1Cu, pH 8 pH
optimum
Ref.
Bacterial Bacillus licheniformis
CotA (mutant)
694�6 565�5 alkaline this
work
Bacterial Streptomyces coeli-
color
455�3 318�6 alkaline [20c]
Bacterial Bacillus subtilis CotA n.d. 525�10,
pH 7.6
neutral/
acidic
[29]
Plant Rhus vernicifera 420 402,
pH 8.5
alkaline [30]
Fungal Trametes versicolor 780 n.d. acidic [31]
Fungal Trametes villosa 790 n.d. acidic [32]
Fungal Coriolus hirsutus aka
Trametes hirsuta
799,
pH 5
n.d. acidic [12d,
33]
Figure 4. A) Representative CVs of bioelectrocatalytic reduction of O2
recorded with the CotA-modified electrodes in 50 mM PBS, pH 8; CotA
mutant (1,3) and wildtype CotA (2,4) on CNT-modified (1, 2) and graphite
electrodes (3,4). Inset: Linear sweep voltammetry with the CotA-mutant-
CNT-modified electrodes in 50 mM PBS (1) and seawater (2), both pH 8.
Potential scan rate 5 mVs  1. CVs were recorded in aerated solutions and
corrected for signals in the absence of O2. B) Chronoamperometric responses
of the CotA-mutant CNT-modified electrodes at 0.2 V, recorded in aerated
50 mM PBS (1), containing 0.15 (2) and 0.6 M NaCl (3), and in seawater (4), all
at pH 8. Response of the laccase-modified electrode in the absence of O2 (5).
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larger current and residual slope observed for the CotA mutant
suggest the smaller interfacial rate constant and/or more random
orientation of the mutant compared to the wild type form.)
2.3. Structural Analysis: Circular Dichroism and Fluorescence
Studies
Amino acid modification at position 500 of CotA (D500G) mainly
affected the expression yield of CotA, increasing 7.8-fold
compared to wildtype CotA[21] (SI); while mutation in position
316 (Lys to Asn) was suggested to mainly affect the catalytic
activity (Figure 2A).[21b] Single amino acid mutations did not
produce the desired effect on the catalytic activity/yield; and, as
discussed earlier, a synergetic effect of both mutations was
unpredictable.[21b] Position 316 is far from Cu active centers and
not conserved among laccases. However, Asp in position 500 is
present only in CotA from B. licheniformis and B. subtilis
(homologous position 501) and Bacillus sp. HR03, in all other
fungal/bacterial laccases this position is occupied by glycine.[21b]
As earlier discussed, position 500 is close to the T1 Cu site
(Figure 1), and the D500G mutation should affect the distance
to the axial T1 Cu ligand Met502. That could induce structural
changes near the T1 site/alterations in the CotA laccase folding,
affecting not only solubility, but also protein interactions with
surfaces and its ET properties. In fact, the K316 N mutation
acted synergistically. Thus, the effect of mutations should be
associated not with direct structural changes in the active site,
but rather with some indirect effects, such as conformational
changes/changes in the enzyme folding induced by both
mutations.
Circular dichroism (CD) spectra of wildtype CotA and of the
mutant showed essentially different patterns, supporting the
proposed differences in the overall protein structures (Figure 5).
Evaluation of the protein secondary structure from CD[41]
revealed similar profiles for the CotA mutant from B. lichen-
iformis (9% α-helix and 35% β-sheet) and CotA from B. subtilis
(8% α-helix and 38% β-sheet), while wildtype CotA from B.
licheniformis had an increased α-helix content (18%) and
decreased β-sheet content (22%) (Table S1).
Furthermore, tryptophan fluorescence of the mutant
showed a blue shift and enhanced signal compared to wildtype
CotA, suggesting more solvent-exposed tryptophans in this
enzyme, which could imply that the latter was partially
unfolded compared to the mutant form (Figure S8). That
supports the idea that under the tested conditions the K316 N
and D500G mutations result in protein conformational changes
that transform the wildtype CotA structure into the structure
more similar to the CotA homolog from B. subtilis (pdb
ID:1GSK).[11]
Consistent with the activity data, the K316 N/D500G mutant
showed 110–120% activation of bioelectrocatalysis in NaCl
solutions, and 190–195% activation in seawater, pH 8 (contain-
ing ca. 559 mM [Cl  ][6b]). Bioelectrocatalysis activation in sea-
water was remarkable (Figure 4A, inset), though stability of the
electrode response was essentially lower than in 50 mM PBS,
due to fast desorption of the protein from the electrode surface
in the high ionic strength seawater solution. The Cl  tolerance
of the B. licheniformis CotA mutant was apparently superior to
structurally similar B. subtilis CotA[29] (10-15% residual activity in
Cl- solutions).[42]
2.4. Biofuel Cell Development
BFCs composed of the laccase biocathode and a typical battery-
type Zn anode[12d,43] or semiconductor photoanodes such as
TiO2
[44] and Zn-doped hematite electrodes,[45] yielded the open
circuit voltage Ucell of 1.405, 1.372, and 0.595 V in 1 M Tris-HCl,
pH 8, correspondingly, consistent with the potentials of electro-
chemical Zn dissolution/photoinduced H2O oxidation at the
anodes and O2 reduction at the biocathode (Figure 6).
Photo-biovoltaic cells comprising the TiO2 and Zn-doped
hematite photoanodes and CotA biocathode produced 41�
5 μWcm  2 (at 0.8 V) and 17�6 μWcm  2 (at 0.3 V) in Tris-HCl,
pH 8, that dropped to 11�3 μWcm  2 (at 0.5 V) and 3�
1 μWcm  2 (at 0.2 V) in seawater (Figures 7A, S10). Inactivation
of photoanodes in seawater strongly contributed to this power
drop: the overall cell performance was limited by the photo-
anode performance.[6b] The hybrid BFC with a seawater-tolerant
Figure 5. Circular dichroism spectra of (black line) wildtype CotA and (red
line) the K316 N/D500G mutant in 50 mM PBS, pH 7.5.
Figure 6. Apparent Tafel plots constructed from LSVs (scan rate 5 mVs  1) for
a CotA mutant-modified Gr cathode (1) and Zn- (2), Zn-doped hematite- (3),
and TiO2 (4) anodes recorded in Tris-HCl, pH 8; and under illumination)3,4)
(dark current data: Figure S9).
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Zn anode produced 37�2 μWcm  2 (at 0.75 V) that dropped to
32�1 μWcm  2 (at 0.9 V) in seawater, mostly due to gradual
desorption of the enzyme from the electrode surface, consistent
with the limiting performance of the biocathode (Figure 7B). In
agreement with this assumption, the Zn-based hybrid BFC with
a biocathode prepared with CotA-mutant cross-linked on a
high-surface area graphitized carbon cloth (GCC)[12d] produced
very close 240�10 μWcm  2 and 220�6 μWcm  2 in PBS and
seawater, pH 8, correspondingly (Figure 7C).
3. Conclusions
To conclude, we have demonstrated that the K316 N/D500G
mutant of B. licheniformis CotA laccase is a rare example of a
middle-potential laccase catalyzing bioelectrocatalytic O2 reduc-
tion in basic media at potentials approaching 0.6 V. Introduced
mutations favorably affected protein folding and, as a result,
production yield, redox center potentials and enzymatic activity.
The mutant was bioelectrocatalytically active in seawater and
used for sustainable production of electricity from seawater by
photo-bioelectrochemical recycling H2O/O2. Further work is
necessary to develop more stable (stability of CotA physically
adsorbed on electrodes in high ionic strength solutions is
insufficient for long-term applications) and higher-current
density CotA laccase biocathodes.[4d,12a,40,46] Nevertheless, our
results single out the K316 N/D500G CotA mutant from the
hitherto studied laccases as one of the perspective candidates
for laccase applications in basic media, seawater and physio-
logical fluids.
Experimental Section
Expression and Purification of Enzymes
Recombinant forms of CotA laccases (benzenediol:oxygen oxidor-
eductase, EC 1.10.3.2) from Bacillus licheniformis, wildtype CotA and
its mutant K316 N/D500G were expressed as previously described
(see SI for details).[21b]
Enzyme Activity Assay
The laccase activity towards ferrocyanide, catechol, and ABTS was
measured spectrophotometrically by monitoring the increase in
absorbance at 405 nm (molar absorption coefficients ɛ for catechol
ɛ405=760 M  1 cm  1, ABTS ɛ405=36800 M  1 cm  1, and [Fe(CN)6]4 
ɛ405=900 M  1 cm  1), using a spectrophotometer UV-vis Cary 60
(Agilent Technologies, Australia). For substrate oxidation 1.6–2 μg
of laccase was added into the 3 mL cuvette containing PBS (50 mM,
pH 5.0, 6.0, 7.0, 7.5 and 8.0) and 0.33 mM substrate. Alternatively,
seawater and PBS with different chloride contents have been used
as reaction media. One substrate unit (U) is equivalent to the
amount of laccase that catalyzes the oxidation of 1 μmol of a
substrate min  1. All assays were performed in triplicates, and for all
results standard deviations are reported.
Spectroelectrochemical Measurements
Redox titrations were performed under a nitrogen atmosphere with
a redox mediator couple potassium hexacyanoferrate(II)/potassium
hexacyanoferrate(III) with a standard redox potential of 0.433 V. The
oxidation state of T1Cu of wildtype CotA and mutant was followed
by appearing of the blue absorption band at ~591 nm upon
oxidation. Titration solutions contained 50 μM CotA wildtype or
mutant, 50 mM PBS, pH 7.5, and 0.5 mM potassium hexacyanofer-
rate(II). T1Cu was gradually oxidized by the addition of solution
containing 300 mM potassium hexacyanoferrate(III) and 50 μM
laccase. After each addition, the absorption spectrum from 340 to
1000 nm was measured with a Tidas photodiode array spectrom-
eter (J&M Analytik AG, Essingen, Germany). Absorption at ~591 nm
was plotted against the corresponding redox potential with
ORIGINPRO 9.0G and the midpoint was determined by using the
Nernst equation.
Circular Dichroism (CD) and Tryptophan Fluorescence
CD spectra were recorded on a Chirascan Plus (Applied Photo-
physics Ltd, Surrey, UK) in the range of 175 to 250 nm, with a
bandwidth of 1 nm. A 0.1 mm quartz crystal cuvette was used with
a protein concentration of 1.0 mgmL  1 in 50 mM PBS, pH 7.5, at
22 °C. The buffer was subtracted from the data and the average of
five measurements is shown. BESTSEL[47] was used for evaluation of
secondary structure content. Tryptophan fluorescence was meas-
ured on a LS-55 luminescence spectrometer (Perkin-Elmer Instru-
ments, Chalfont St. Giles, UK). Excitation at 280 nm and emission
measured at 300–450 nm with slit widths of 6/6 nm were used. The
Figure 7. Representative polarization curves (1,2) and dependences of the cell power density (1’, 2’) on the current density recorded in (1,1’) 1 M Tris-HCl (A)
and 50 mM PBS (B,C), pH 8; and seawater (2,2’), pH 8 for cells comprising a K316 N/D500G-CNT-graphite cathode (A) and a TiO2 photoanode under
illumination; and K316 N/D500G-modified CNT-graphite (B) and GCC cathodes and a Zn wire anode (C).
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measurements were done with 0.1 mgmL  1 protein in 50 mM PBS,
pH 7.5, at 22 °C, and the average of three measurements is shown.
Electrode Modification with an Enzyme
The surface of the graphite (Gr) disk electrodes (rods of solid
spectroscopic Gr, SGL Carbon AG, Werk Ringsdorff, Bonn, Germany,
type RW001, 3.05 mm diameter, fitted in Teflon holders) was
polished on emery paper (Waterproof Silicon Carbide Paper, FEPA
grade P1000) and further either on Kimtech tissues (Kimberly-Clark)
to a mirror luster and rinsed carefully with de-ionized water (in CV
and DPV analysis of in deaerated solutions) or just rinsed with de-
ionized water and dried in a stream of N2 (all other experiments)
The surface was subsequently modified with 5 μl of 0.7 mgmL  1
laccase solution in 50 mM PBS, pH 7.5, for 2 h at rt under a lid to
avoid solution evaporation. For CNT modification, 4 μl of a CNT
suspension (either 2 mg ml  1 in DMF, ultrasonicated for 1 h or
2 mgmL  1 in N-methyl-2-pyrrolidone (NMP)) were placed on top of
the polished electrode, left to dry in air, followed by laccase
modification as described. The laccase solution was drop casted
onto the CNT-modified Gr surface and incubated at rt for 2 h under
a plastic lid. Alternatively, the electrodes were left overnight at 4 °C
covered by a plastic lid containing a drop of water to prevent their
drying. After modification with laccase, the electrodes were care-
fully rinsed with buffer solution, inserted into the electrochemical
cell, and used for the electrochemical measurements. For graphi-
tized carbon cloth (GCC) modification with laccase,[12d] 10 μL of a
1 mgmL  1 aqueous solution of BS3 cross-linker (Sigma-Aldrich) was
applied on the laccase-modified GCC (30 min adsorption) and
allowed to react for 1.5 h as previously described.[6b,7a]
TiO2 and Hematite Photoanodes Preparation and
Measurements
Zn-doped hematite photoanode was prepared by electrochemical
deposition on FTO electrodes as previously described[6b,45] from the
electrodeposition solution containing 5 mM FeCl3, 0.025 mM ZnCl2,
5 mM KF, 0.1 M KCl and 1 M H2O2 by cyclic voltammetry at 50 °C.
The modified electrodes were water-rinsed, dried and air-annealed
at 800 °C for 10 min. TiO2 electrodes were prepared as described[6b]
by smearing a 4 mgmL  1 P25 TiO2 suspension in ethanol over FTO
electrode using a blade; the produced film was dried at rt. The area
of the photoanodes exposed to illumination was 0.283 cm2. The
electrodes were fitted in a homemade Teflon holder and
illuminated with the solar simulator lamp irradiation (1.5 AM,
150 W). The incident light power was 100 mWcm  2 as calibrated by
using a Si reference solar cell (monocrystalline silicon photovoltaic
cell, RR-234, Rera Solutions, B.V., the Netherlands). Illumination of
photoanodes was provided by the solar simulator (LS0108) with a
Xe lamp (L5B521 U) and an integrated filter holder shutter 90 °C
beam turner from LOT Quantum Design (Darmstadt, Germany).
Preparation of Zn Anodes
The Zn anode was prepared as previously described.[43a] Briefly, to
avoid its inactivation by oxygen, a Zn wire was successively covered
with a cation-exchange Nafion film and with a layer of ionically-
conducting Zn3(PO4)2, formed during repetitive oxidative cycling of
the wire in a phosphate buffer solution as described elsewhere.[43a]
Instrumentation and Procedure
Cyclic voltammetry (CV), linear sweep voltammetry (LSV), square
wave voltammetry (SWV) and differential pulse voltammetry (DPV)
were performed in a three-electrode electrochemical cell connected
to the potentiostat AUTOLAB PGSTAT 300 (Eco Chemie B. V.,
Utrecht, Netherlands) equipped with GPES 4.9.007 and NOVA 1.8
software. Either an Ag/AgCl (3 M KCl) electrode or a saturated
calomel electrode (SCE) was used as the reference electrodes and a
Pt wire served as the auxiliary electrode. All potentials in the
present work are re-calculated and cited versus standard hydrogen
electrode (SHE) (ESCE+0.241 V, EAgAgCl+0.201 V). Electrochemical
experiments were performed in the 50 mM PBS of a specified pH
and NaCl content and seawater, pH 8.0, collected in the Aarhus
harbor, and in 1 M Tris-HCl, pH 8. Prior using, seawater was filtered
through the 0.2 μm pore filter paper (Sartorius stedim Biotech).
Composition of seawater may be approximated by the following
ionic content: [Cl  ]: 559.40 mM, [Na+]: 480.57 mM, [K+]: 10.46 mM,
[Mg+]: 54.14 mM, [Ca2+]: 10.53 mM, [SO4
2  ]: 28.93 mM, [HCO3
  ]:
2.11 mM, [B(OH)3]: 0.43 mM, [PO4
3  ]: 3.2 μM.6b When necessary,
solutions were de-aerated with N2 for at least 30 min prior to data
acquisition and blanketed under the N2 atmosphere during the
experiments. The cell current Icell and cell voltage Ucell were
measured with the multiamperemeter Test Bench 391 A (B & K
Precision) and the Autolab potentiostat. The reproducibility of the
data was verified by measurements with at least 5 equivalently
prepared electrodes. All experiments were performed at 22�1 °C.
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